show different regional expression in rat CNS. In the cerebellar cortex, Bl-subspeties is localized mainly in the granular layer, whereas fillsubspecies is found predominantly in the molecular layer, most apparently in the presynaptic nerve endings that terminate at Purkinje cells. These distribution patterns are in sharp contrast to that of y-subspecies, which is most abundant within the Purkinje cells. The different patterns of expression imply that the multiple subspecies of protein kinase C may each have a specific function in modulating the neuronal activity of particular cell types.
Protein kinase C is most abundant in nervous tissue and has been implicated in modulating many Caz+-dependent processes during signal transduction of various extracellular stimuli Nishizuka, 1986) . Although once thought to be a single entity, recent molecular cloning analysis in this and other laboratories Knopf et al., 1986; Makowske et al., 1986; Ono et al., 1986a, b; Parker et al., 1986; Housey et al., 1987; Kubo et al., 1987; Ohno et al., 1987) has revealed the enzyme to exist as a family of multiple subspecies. In the mammalian brain the complete sequences of at least 4 subspecies-+ PI, PII, and y-have been clarified by complementary DNA (cDNA) clone analysis Knopf et al., 1986; Ono et al., 1986a, b; Parker et al., 1986; Ohno et al., 1987) . This integrated nomenclature and its explanation are as given in preceding reports (Kikkawa et al., 1987a; Ono et al., 1987) . Enzymologically, 3 major distinct types of protein kinase C-I, II, and III-can normally be resolved upon hydroxyapatite column chromatography (Huang et al., Received Nov. 20, 1987; revised Feb. 3, 1988; accepted Feb. 5, 1988 (1986-l 987); Ajinomoto Central Research Laboratories (1986 : and Meiii Institute of Health Sciences (1986 Sciences ( -1987 .
Data are taken in part from the dissertation that will be submitted by K. Jaken and Riley, 1987; Kikkawa et al., 1987a; Ono et al., 1987; Pelosin et al., 1987) and the structure and genetic identity of each type has been determined by comparison with the enzymes that were separately expressed in COS 7 cells transfected by the respective cDNA-containing plasmids (Kikkawa et al., 1987a; Ono et al., 1987) . Type I protein kinase C corresponds to y-subspecies, Type II protein kinase C is a mixture of @I-and PII-subspecies, and Type III protein kinase C corresponds to a-subspecies. Partial genomic analysis has provided evidence that @I-and PII-subspecies are derived from a single gene by alternative splicing of the RNA transcript (Ono et al., 1987) . These 2 subspecies, which consist of 67 1 and 673 amino acids, respectively, differ from each other only in the short range of about 50 amino acid residues in their carboxyl-terminal end regions, but still show a considerable sequence homology. In fact, PI-and PII-subspecies separately expressed in COS 7 cells show similar physical and kinetic properties and are not separable by conventional enzyme purification procedures (Kikkawa et al., 1987a; Ono et al., 1987) . The studies presented herein were conducted to develop specific antibodies that are able to distinguish these 2 subspecies and to investigate their expression in different areas and cell types of the rat CNS. Their expression patterns were found to be entirely different from that of the y-subspecies of protein kinase C, which has been found only in CNS (Kikkawa et al., 1987b) .
Materials and Methods
Purijication and assay ofprotein kinase C. A mixture of multiple forms of protein kinase C was purified from rat brain soluble fraction bv DE52column chromatography, followed by threonine-Sepharose and TSK phenyl-SPW column chromatographies connected to high-performance liquid chromatographv (HPLC), Pharmacia FPLC svstem. as described ). This apparently homogeneous preparation was further resolved into 3 forms-Type I, II, and III-upon chromatography on a hydroxyapatite column connected to the HPLC under the conditions specified elsewhere (Kikkawa et al., 1987a; Ono et al., 1987) . The 3 forms each showed a single band upon SDS-PAGE. The (Y-, PI, @II-, and y-subspecies of protein kinase C employed here were obtained by separately transfecting each of the cDNA-containing plasmids into mammalian cells, followed by extraction and purification as described earlier (Kikkawa et al., 1987a; Ono et al., 1987) . The enzyme was assayed with calf thymus Hl histone as a phosphate acceptor as described . Calfthymus Hl histone was prepared as described previously (Hashimoto et al., 1976) .
Preparation of antibodies. The antibodies specific to BI-and BIIsubspecies were prepared with synthetic oligopeptides SYTNPEFVINV and SFVNSEFLKPEVKS.
which corresoond to the carboxvl-terminal end sequences of each subspecies (Fig. lj , and are designated hereafter as CKpVSPI-a and CKpVSPII-a, respectively. The oligopeptides were prepared with a solid-phase polypeptide synthesizer (Applied Biosysterns, model 430A) and purified by HPLC using Cl8 reverse-phase column. The samples were coupled to bovine thyroglobulin with 81 622-671 * et *** ** ** t 611 622-673 -CGRNAENFDRFFTRHPPV-LTPPDQEVIRNIDQSEFEG Figure 1 . Comparison of the amino acid sequences of the divergent regions of @I-and PII-subspecies of protein kinase C in their carboxyl-terminal ends. Gaps indicated by hyphens are introduced to optimize the homology between the BI-and BII-subspecies of protein kinase C. The polypeptide sequences employed to prepare specific antibodies against fiI-and PII-subspecies of protein kinase C are shown in boxes. Stars indicate the amino acid residues that are common to the 2 sequences.
I-ethyl-3-(3-dimethyl aminopropyl)-carbodiimide hydrochloride (Erlanger, 1980) . New Zealand White rabbits were injected subcutaneously with each oligopeptide (0.85 mg) coupled to bovine thyroglobulin (1 mg), which was emulsified in Freund's complete adjuvant (DIFCO). Two subsequent additional immunizations were performed at 2-week intervals with the same amount of the antigen in Freund's incomplete adjuvant (DIFCO). One week after the final immunization, the rabbits were bled, and each antibody was purified from the serum by affinity column chromatography on Sepharose CL-4B coupled with each oligopeptide. The monoclonal antibody CKmIy-97 was raised originally against a mixture of Type I, II, and III protein kinase C (Kitano et al., 1987) . Subsequent analysis with these protein kinase C fractions has revealed that the antibody specifically reacts with Type I protein kinase C (y-subspecies) (Hashimoto et al., 1987) .
Western blot analysis. Each type of protein kinase C, which was obtained by hydroxyapatite column chromatography from rat brain or transfected COS 7 cells, was applied to SDS-PAGE and transferred to a nitrocellulose filter as described (Kitano et al., 1987) . After reaction with each antibody, the nitrocellulose filter was incubated with biotinylated second antibody and subsequently with avidin-biotinylated HRP complex (Vectastain, Vector Laboratories). The color reaction was developed using diaminobenzidine tetrahydrochloride and H,O,. Immunohistochemicalprocedures.
Immnohistochemical studies were carried out as described (Kitano et al., 1987; Saito et al., 1988) . Anesthetized rats were perfused through the left ventricle with 200 ml of periodate-lysine-pamformaldehyde fixative (McLean and Nakane, 1974) , and the brain was removed. The postfixed cerebellum, in the same fixative, was cut on a cryostat at 20 pm. The adjacent cerebellar sections were stained by the peroxidase-antiperoxidase method or the immunofluorescent method with either antibody CKmIr-97, CKpVSPI-a, or CKpVSPII-a.
Results
The specificity of the antibodies against PI-and PII-subspecies of protein kinase C was examined using several protein kinase C subspecies, which were separately expressed in COS 7 cells transfected with each cDNA-containing plasmid. The antibodies, CKpV5/31-a and CKpVSPII-a, reacted specifically with PIand @II-subspecies of protein kinase C, respectively, and were not cross-reactive on Western blot analysis. Neither o(-nor y-subspecies was reacted with these antibodies (Fig. 2) . To examine further the specificities of these antibodies, another set of experiments was carried out with both crude and purified rat brain enzyme preparations. The 3 types of protein kinase C employed here were each purified to near homogeneity as assessed by the presence of a single major band upon SDS-PAGE as shown in Figure 3 . The specific activities of the 3 types of protein kinase C were comparable to one another when calf thymus Hl histone was used as a common phosphate acceptor." The 2 antibodies described above reacted with only Type II protein kinase C but not with the others (Fig. 3) . The results also show that, under the given conditions, PI-and @II-subspeties of protein kinase C were the sole proteins in the crude extract that were reactive with the respective antibodies, CKpVSPI-a and CKpVSPII-a. Neither of these antibodies, however, could neutralize the catalytic activities of the protein kinase C subspecies.
Biochemical analysis reveals that the relative distribution of activity among the 3 protein kinase C types varies greatly within different regions of rat CNS (Fig. 4) . The cerebrum demonstrated high Type II activity, particularly PII-subspecies, as shown below, whereas the cerebellum contained marked activity of Type I protein kinase C. Type II protein kinase C was found to be an unequal mixture of PI-and PII-subspecies as judged by Western blotting with the 2 antibodies, followed by densitometric tracing analysis. The antibodies, CKpVSPI-a and CKpVSPII-a, . Distinct patterns of 3 fractions of protein kinase C in rat cerebrum and cerebellum upon hydroxyapatite column chromatography. Rat cerebral and cerebellar tissues (1 gm each) were homogenized and centrifuged at 100,000 x gfor 60 min. The supematant was applied to a DE-52 column, and the eluate from the DE-52 column was applied to a hydroxyapatite column. The protein kinase C fractions were then eluted from the column by linear concentration gradient of potassium phosphate, and the fractions were assayed as described under Materials and Methods. A and B, Protein kinase C from rat cerebrum and cerebellum, respectively. Symbols: 0, protein kinase activity in the presence of 8 pg/rnl phosphatidylserine, 0.8 pg/ml diolein, and 0.5 mM CaCl,; 0, protein kinase activity in the presence of EGTA instead of phosphatidylserine, diolein, and CaCl,; -, potassium phosphate.
apparently showed identical affinities for the respective oligopeptides of each subspecies when assessed by enzyme-linked immunoadsorbent assay, making it possible to determine semiquantitatively the relative activities of @I-and @II-subspecies in the fraction of Type II protein kinase C. Using a combination of such biochemical and immunological procedures, the specific activities of the 4 subspecies of protein kinase C in the brain tissues could be roughly quantitated (Table 1) . It is clear that a distinct regional pattern of each subspecies is evident and that the activity of PII-subspecies far exceeds that of PI-subspecies in many regions. The activity of PI-subspecies appears to be almost negligible in the cerebrum and hippocampus. The antibodies described above can be used for immunohistochemical studies of the protein kinase C subspecies in many regions of neuronal and non-neuronal tissues. In the rat brain, unique features of the distribution of PI-and @II-subspecies were visualized, and normal rabbit serum did not cross-react with the sections of rat brain under these conditions. For instance, in the cerebellar cortex, where significant quantities of both of these subspecies are expressed, the regions heavily stained by CKpVSPI-a and CKpVSPII-a antibodies appeared to be complementary (Fig. 5) . PI-subspecies of protein kinase C was present in the granular layer but not the molecular or Purkinje cell layer. The highest level of PII-subspecies immunoreactivity was in the molecular layer, and moderately dense immunoreactivity was present in the granular layer. Pyramidal tract also showed Figure 5 . Image analysis ofimmunoreactivity in the cerebellar sections with the antibodies against y-, PI-, and BII-subspecies of protein kinase C. The adjacent frontal cerebellar sections of rat were stained by the peroxidase-antiperoxidase method with either the antibody CKmyI-97, CKpVSPI-a, or CKpVSpII-a (1 wg/ml) as described under Materials and Methods. The immunoreactivity in the sections was analyzed using an IBAS II image analyzer (Zeiss). A-C, Immunostaining with CKmyI-97, CKpVS@I-a, and CKpVSpII-a, respectively. Protein kinase C was separated into Type I, II, and III fractions by hydroxyapatite column chromatography and assayed as described in Materials and Methods. The specific activities of/X-and PII-subspecies in the fraction ofType II were estimated as described in the text.
high immunoreactivity. Regions with high PII-subspecies immunoreactivity did not appear to contain PI-subspecies and vice versa. At this level of resolution, the pattern for @II-subspecies was apparently similar to that of y-subspecies. The monoclonal antibody CKmIy-97, previously prepared (Kitano et al., 1987) , specifically recognizes Type I protein kinase C (y-subspecies) as described (Hashimoto et al., 1988) . The y-subspecies was present in the molecular layer and Purkinje cell layer, though no immunoreactivity is observed in the granular layer or white matter of the cerebellar cortex. Moderately low immunoreactivity was also seen in the deep cerebellar nuclei. Higher magnification revealed that PI-subspecies was associated mainly with the granular layer, particularly granule cell bodies, but no immunoreaction was seen in the molecular layer or Purkinje cells. Whereas @II-subspecies was found predominantly in the molecular layer (Fig. 6 ). More precisely, the materials reactive with the antibody, CKpVSPII-a, surrounded the Purkinje cell bodies as well as their dendrites, most likely representing the numerous nerve terminals synapsing with Purkinje cells. This distribution pattern can now be seen to contrast markedly with that of y-subspecies, which is present in the cell bodies, dendrites, and axons of Purkinje cells (Hashimoto et al., 1988; Saito et al., 1987) .
Discussion
Several attempts have been made to explore the tissue-or cellspecific expression of protein kinase C. Autoradiographic procedures developed by Snyder and colleagues (Worley et al., 1986a (Worley et al., -c, 1987 ) using tritiated phorbol-12,13-dibutyrate (3H-PDBu) showed that protein kinase C is distributed unevenly in the brain with high concentrations in the hippocampus, substantia nigra, and the molecular layers of the cerebellar and cerebral cortices. This procedure, however, is unable to distinguish multiple subspecies of the enzyme. Early studies of Northem blotting using specific polynucleotide probes Knopf et al., 1986; Parker et al., 1986; Ohno et al., 1987) first suggested tissue-specific expression of protein kinase C subspecies. More recently, using in situ hybridization histochemistry with oligonucleotide probes complementary to 3 cDNA sequences of rat brain protein kinase C, Brandt et al. (1987) have shown distinct distribution of the transcripts of protein kinase C subspecies within the brain and spleen. These workers have proposed that in the rat brain the transcripts of their PKC-III and PKC-II, which correspond to our PI-and PII-subspecies, colocalize in some brain regions such as the granular layer of the cerebellar cortex and the pyramidal cells in the CA1 area of the hippocampus. In the brain stem and spinal cord, however, they reported that some cells appeared to contain only PKC-III (PI-subspecies) mRNA. The transcript of PKC-I, which corresponds to y-subspecies in this paper, has been shown to localize in Purkinje cells, as well as in the pyramidal and granule cells of the hippocampus.
Using immunohistochemical procedures, Kuo and colleagues (Girard et al., 1985; Wood et al., 1986) have shown that, in general, protein kinase C is present in presynaptic terminals and the periphery of the nucleus of many neuronal cell types. Mochly-Rosen et al. (1987) have raised 3 monoclonal antibodies and showed different immnostaining patterns of these antibodies in rat brain, although their correspondence to the structurally defined protein kinase C subspecies described herein remains unknown. The pattern stained by one of the antibodies, designated CK1.12, is similar to that stained by CKmIy-97, which recognizes y-subspecies. With more defined and specific antibodies, the present paper demonstrates distinctly different localization of the @I-, PII-, and y-subspecies in certain areas of the CNS. The patterns of cellular localization of the 3 protein kinase C subspecies clearly differ from one another in the cerebellar cortex.
The dissimilarities of the results described here and those obtained by in situ hybridization may be attributable to several causes. First, the oligonucleotide probes that Brandt et al. (1987) employed to detect the PKC-III (PI-subspecies) and PKC-II @II-subspecies) transcripts did not effectively distinguish the 2 protein kinase C mRNAs, since they are generated by alternative splicing of a single common primary transcript, and the probe for PKC-II (@II-subspecies) hybridizes only with the inserted sequence and does not recognize the mRNA encoding PKC-III (PI-subspecies). Whereas the probe they used for PKC-III (PIsubspecies) is complementary with a part of the sequences commonly present in both mRNAs and, therefore, could detect both subspecies (Brandt et al., 1987; Kikkawa et al., 1987b , Kubo et al., 1987 Ono et al., 1987) . Second, there is not necessarily a direct relationship between the mRNA levels and those of the enzyme within a particular cell type. Third, it seems possible that additional subspecies of protein kinase C may exist in the brain which do or do not react cross-wise with the oligonucleotide probes or antibodies employed for these studies. A partial sequence of a cDNA clone isolated from the rat brain library (Housey et al., 1987) is apparently similar to, but clearly different from any of the 4 subspecies described above.
On the other hand, the oc-subspecies appears to be ubiquitous and has been found in many tissues and cell types (McCaffrey et al., 1987) . Although the present studies do not provide information as to the localization of the oc-subspecies,5 a combination of biochemical and immunochemical procedures seems to indicate clear distinct regional and cellular patterns of expression of the several protein kinase C subspecies so far identified in the brain tissue.
Recent enzymological studies have indicated that these subspecies exhibit subtle individual characteristics, with slightly different modes of activation, kinetic properties, and substrate Expression of Protein Ki nase C specificities (Huang et al., 1986; Ido et al., 1987; Jaken and Kiley, 1987; Sekiguchi et al., 1987) . It is attractive to surmise, then, that, by virtue of their individual enzymological properties and differential expression in particular areas and cell types of the brain, each member of the protein kinase C family may have a defined function in processing and modulating the relay of sensory and motor information within the complex neuronal circuits. Determination of the precise physiological role of protein kinase C subspecies in the brain and in peripheral tissues, however, awaits identification of their true endogenous substrates.
